Bacteriophage TP-13, a converting phage for sporulation and crystal formation in Bacillus thuringiensis, was isolated from soil. The phage converted an oligosporogenic (sporulation frequency, 10-'), acrystalliferous mutant to spore positive, crystal positive at a high frequency. Each plaque formed by in a lawn of sensitive cells contained spores and crystals. These spores were heat stable, and each one was capable of producing a plaque from which TP-13 could be reisolated. Conversion of cells to sporulation and crystal formation was independent of the host used for TP-13 propagation. When converted cells were cured of TP-13, they lost the ability to produce spores and crystals. Incubation of TP-13 with antiserum prepared against purified phage particles prevented conversion. TP-13 has some characteristics similar to those of SP-15 and PBS-1, including large size, morphology, and adsorption specificity of motile cells. TP-13 mediated generalized transduction in several strains of B. thuringiensis at frequencies of 10-6 to 10-5. Comparison of cotransduction values indicated that TP-13 transduced considerably larger segments of deoxyribonucleic acid than CP-51 or TP-10, two other transducing phages for B. thuringiensis.
The parasporal crystal produced by Bacillus thuringiensis is of special interest because of its toxicity to larval forms of certain insects (9) .
Previous studies have implicated a relationship between spores and crystals (6, 20) . The spore coat has been shown to contain the same glycoprotein subunit found in the crystal (L. A. Bulla, Jr., K. J. Kramer, and L. I. Davidson, Abstr. Annu. Meet. Am. Soc. Microbiol. 1977, 162, p. 165 ) and to exhibit a toxicity similar to that of the crystal (18) . It is not unusual for strains to become acrystalliferous (Cry-) simultaneously with the loss of the ability to form spores (Spo-).
However, Spo+ Cry-and Spo-Cry' mutants have been found (19) , and phenotypic separation of spore and crystal formation by treating cells with chloramphenicol or exposing them to high temperatures has been reported (17) . Meenakshi and Jayaraman (17) suggest that crystal protein synthesis and assembly can proceed to completion in the absence of the expression of any spore functions.
A number of bacteriophages capable of converting spore-negative mutants of Bacillus subtillis or Bacillus pumilus to spore positive have been reported (2, 3, 11) . In this report we describe a bacteriophage, TP-13, capable of converting an oligosporogenic (Osp), acrystalliferous mutant of B. thuringiensis to Spo+ Cry'.
The phage also mediates generalized transduction in sensitive strains.
MATERIALS AND METHODS
Organisms. T'he strains of bacteria used and their sources are given in T'able 1. Auxotrophic mutants of B. thuringiensis were isolated by the procedure of Iyer (10) after exposure of spores to UV light.
Bacteriophage. Bacteriophages SP-15 (23) and CP-51 (26) have been described. TP-13 was isolated from soil as described in Results. TP-10 was also isolated in our laboratory from soil and will be described later (manuscript in preparation).
Media and cultural conditions. The minimal media, Min 3 and Min 3C, as well as L-broth, PA broth and agar, and peptone diluent, were prepared as previously described (24) . TBAB soft agar contained 11 g of tryptose blood agar base (I)ifco) and 100 g of D)ifco tryptone per liter.
Motile cells were grown by inoculating L-broth with growth from a swarming colony on soft PA agar (0.35'S agar) and incubating on a rotary shaker at 37°C for 4 to 7 h. Propagation and assay of phage. I'reviously described methods for propagation and assay of SIP-15 (16) and CP'-51 (24) (Fig. 1A) . Mutant UM8-13, isolated by the procedure of Yousten (28) , is oligosporogenic and acrystalliferous (Fig. 1B) . The few spores produced by (<50 per ml) gave rise to oligosporogenic, acrystalliferous cells. No spores or crystals were ever detected in UM8-13 by phase-contrast microscopy, even though numerous cultures were examined. Phage CP-51 grown on wild-type 4042A transduced UM8-13 to Spo+ Cry' (Fig. 1C) at an estimated frequency of 10-6 transductants per PFU, characteristic of generalized transduction by CP-51. Transductants were stable and continued to produce spores and crystals after at least 10 transfers on PA agar. TP-13 was discovered when a filtrate prepared from a culture grown from soil inoculum was plated on UM8-13 in soft PA agar. After 24 to 48 h of incubation at 30°C, the lawns contained numerous small white colonies. Phase-contrast microscopic observation of the colonies revealed crystals and spores within the cells (Fig. 1D) . Longer incubation of the plates resulted in free spores and crystals in the colonies (Fig. IE) but not in the surrounding lawn. We confirmed the presence of heat-stable spores in colonies from the phage plates by suspending a colony in water, heating at 650C for 30 min, and plating on PA agar. Colonies resulting from the surviving spores retained the adenine mutation of UM8-13. The occurrence of spores and crystals on phage assay plates having lawns of the Osp Crymutant seemed analogous to the conversion of spore-negative mutants of B. pumilus and B. subtilis (2, 3, 11) . Evidence for conversion of B. thuringiensis by phage TP-13 is given below.
The occurrence of colonies containing spores and crystals in lawns of UM8-13 was mediated by cell-free lysates. A colony from a TP-13 assay plate was suspended in sterile water, and the suspension was heated at 65°C for 30 min. A single isolated colony derived from the heated spores was transferred to L-broth and incubated on a rotary shaker for 24 h at 37°C. Cells were removed by filtration through a Millipore HA membrane, and the resulting lysate was assayed for phage in lawns of UM8-13. Plaques were visible after 8 to 12 h ( Fig. 2A) , and after further incubation white colonies were prominent within the plaques (Fig. 2B) . Such colonies were never observed in control lawns of UM8-13 to which no phage was added. Microscopic examination confirmed the presence of spores and crystals. Incubation of phage lysates with antiserum prepared against purified TP-13 particles prevented conversion and plaque formation. Observations of purified TP-13 bv electron microscopy indicated a large bacteriophage with a head diameter of approximately 120 nm and a tail length of 260 nm (Fig. 3) , resembling and PBS-1 (7) in morphology and size. When phage was stained with uranyl acetate, the fine structure was not clearly defined, but (Fig. 3A) . Staining with ammonium molybdate distorted the head, but the fine structures of the tail fibers and striations were clearly visible (Fig. 3B) .
The value obtained for the buoyant density of TP-13 DNA was 1.780 g/cm3, an unusually high density. The melting temperature of TP-13 DNA, 61°C, was extremely low for the observed density, indicating that TP-13 probably has an unusual base. These properties of TP-13 DNA are analogous to those of SP-15 DNA (61°C and 1.762 g/cm3 [25] ), which is glucosylated and contains an unusual pyrimidine, 5-(4',5'-dihydroxypentyl)uracil (4, 14) . TP-13 and SP-15 are related serologically. Antiserum prepared against TP-13 had K values of 1,550 when tested against TP-13 and 560 when tested against SP-15. However, a common host for the two phages has not been found.
Transduction with TP-13. Evidence for generalized transduction of B. thuringiensis by TP-13 is demonstrated in with UV light or to plate transduction mixtures in the presence of phage antiserum to recover transductants.
The large size of TP-13 suggested its utility for chromosomal mapping by cotransduction. Table 3 shows the results of experiments comparing cotransduction with three phages, TP-10 (manuscript in preparation), CP-51, and TP-13. TP-13 is the largest of the three phages, and it gave the highest cotransduction values. Its head size is similar to that of SP-15, which has DNA with a molecular weight of 2.5 x 10' (25) . TP-10, which is the smallest of the three, gave the lowest cotransduction values. CP-51, whose DNA has a molecular weight of 56 x 106 (26), gave cotransduction values lying between those given by TP-10 and TP-13.
DISCUSSION
Although the experiments reported here demonstrate conclusively that TP-13 can convert oligosporogenic, acrystalliferous mutants to Spo+ Cry', nothing can be said about the mechanism of such conversion. For possible insight into the mechanism of conversion by TP-13, we will look for a correlation between convertibility of mutants and the occurrence of genetic lesions in specific loci. The report of conversion in B. subtilis of sporulation-negative mutants defective in RNA polymerase (3) indicates that sporulation conversion in some instances involves RNA polymerase. We have not yet undertaken studies to determine whether RNA polymerase is involved in sporulation and crystal conversion in B. thuringiensis.
Recent research on B. thuringiensis has focused on the possible involvement of plasmids in crystal production (8, 21, 22) . The simultaneous loss of sporulation and crystal formation, the (27) . Hopefully, genetic mapping of mutations conferring asporogenous and acrystalliferous phenotypes in B. thuringiensis will give insight into the relationship between crystal formation and sporulation. Such mapping experiments are currently in progress in this laboratory.
Several properties of TP-13 are common to those of other large Bacillus phages, PBS-1 (7), SP-15 (25) , and PMB-12 (3). The four phages are similar in size and morphology, all are capable of generalized transduction, and all require motile cells for infection. The temperate nature of TP-13 for a number of strains of B. thuringiensis and its large size are the two characteristics which make it a valuable tool for the mapping studies by transduction mentioned above. The DNA fragments transduced by the three phages, TP-10, CP-51, and TP-13, cover a wide range of sizes, and together they comprise an attractive genetic analysis system, useful for scanning the chromosome as well as for finestructure mapping.
